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INTRODUCTION
The world population is growing persistently, and people’s desire for higher living standards is also 
increasing (UN DESA, 2015). As a result, there is a change in diet towards more meat and dairy product 
consumption in the developing world (Kearney, 2010). This situation is putting more stress on water 
resources all over the world, especially in arid areas  (Rosegrant, 2016). In West Africa, the population 
will increase more than two-fold by 2050 (UN DESA, 2017). At the same time, the demand for cereals 
will almost triple, while the present levels of cereal consumption already rely on considerable imports 
(Van Ittersum et al., 2016). Liniger et al. ( 2011) reported that to meet the necessary caloric requirements, 
food production in the region, should increase by 70% by 2050. However, the agricultural sector has 
been subject to numerous obstacles, including water-related challenges.  
Owing to the growing population, the pressure on water bodies has increased. Thus, the quality 
and quantity of water that can be used for irrigation has decreased in the West African region 
(Kotir, 2011). Additionally, this region has been described as one of the most sensitive regions to 
the impacts of climate variability and change because of its dependence on rainfed agriculture 
(Kotir, 2011). There is a change in the seasonal distribution and intensity of rainfall as well as 
an increase in the temperature in the region (Lobell and Gourdji, 2012). Thus, to be able to feed 
the increasing population, we need to produce higher crop yields with a limited amount of water. 
Within this context, deficit irrigation might be a strategy for addressing the issue in West Africa. 
Deficit irrigation practices could contribute to enhancing crop productivity in the area (Djaman 
et al., 2013). 
Djaman et al. (2013) pointed out that limited irrigation can lead to considerably different 
productivities in varying climatic conditions. For instance, Howell et al. (1995) reported that 
limited irrigation of maize decreased yields by affecting the kernel weight and the number of 
kernels per ear in the semi-arid region of Bushland, Texas. Similar findings were obtained by 
Pandey et al. (2000a) in the Sahelian environment of Niger. Deficit irrigation and water stress 
affected maize grain yield significantly under semi-arid climatic conditions in the south-west 
of Iran (Khaksar et al., 2013). Farré and Faci (2006) indicated that maize phenology, crop water 
uptake, total above-ground biomass and yield were significantly affected by irrigation treatments 
in the semi-arid conditions of northeast Spain. The AquaCrop model has shown good performance 
in evaluating the effects of deficit irrigation on maize production under diverse environmental 
conditions, including a semi-arid climate (Ahmadi et al., 2015). 
Didjeira et al. (2007) identified maize as the staple food in Togo, as it represents 60% of the cereals 
consumed by the population. In northern Togo, where there is only one rainy season annually, to 
provide maize throughout the year some farmers are cultivating it under limited irrigation in the 
In northern Togo where rainfed maize is one of the major crops grown, agriculture is subject to frequent yield 
losses due to erratic rainfall. To ensure food availability and improve agricultural productivity, it is necessary to 
produce maize during the dry season under irrigation. A sound application of full and deficit irrigation requires 
a thorough understanding of the crop parameters and yield response to water. Thus, this study investigated 
the effect of full and deficit irrigation on maize plant above-ground biomass, leaf area index, canopy cover, 
plant height, and grain yield. A field experiment was carried out from December 2017 to April 2018 in northern 
Togo at the agronomic research institute. Full irrigation (FI), 80% FI, and 60% FI treatments were applied. 
The results showed that in the late-season stage, the differences in biomass between FI and 60% FI were 
significant (p < 0.05). On average, FI had the greatest grain yield (2 200.4 kg/ha), while the lowest grain yield 
was recorded under 60% FI (1 068.3 kg/ha). The grain yield differences between FI and 60% FI were significant. 
Nevertheless, the grain yield differences between FI and 80% FI were not significant (p > 0.05). 80% FI had 
water use efficiency (WUE) (0.22 kg/m3) similar to that of FI (0.21 kg/m3), on average. The results of this study 
illustrate that deficit irrigation must be carefully managed since slight differences in the application volumes 
affect the biomass and yield of maize significantly. Under a moderate level of deficit irrigation (vegetative and 
reproductive growth stages) the biomass and the grain yield of maize are reduced. However, a moderate level 
of deficit irrigation during the vegetative growth stage could result in similar values of WUE to that of FI. 
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dry season. These farmers receive little help from the scientific 
research community. The correct application of limited irrigation 
requires a thorough understanding of the crop parameters and 
yield responses to water. The knowledge of crop parameter 
response to different irrigation water levels is essential for effective 
on-farm limited irrigation management practices (Djaman et 
al., 2013). Few studies have been conducted to assess crop yield 
response to water in Togo, especially for the northern part. 
This study assesses the maize crop response to several variables 
under full and limited irrigation conditions. Specifically, 
the study aimed to (i) quantify the effect of limited irrigation 
management practices on maize plant height, above-ground 
biomass, leaf area index (LAI), green canopy cover (CC), and 
yield; and (ii) evaluate the deficit irrigation stress index of these 
maize crop parameters concerning the growth stages.
METhODS 
Site description
The study was conducted in Northern Togo, at ITRA 
(Institut Togolais de Recherche Agronomique) research 
station (10°52′49.13″ N, 0°11′31.90″ E, 295 m amsl) 
(Fig. 1). The climate is hot semi-arid (BSh) according 
to Köppen-Geiger’s climatic classification (Kottek et 
al., 2006). The cropping season in the area lasts from 
May to October. The dry season ranges from November to April. 
Climate data (1983–2011) used were collected from the Dapaong 
climate station located 5 km from the experimental site and 
which is the closest station.
Experimental design
The experiment was carried out during the dry season from 
November 2017 to April 2018. The local maize crop short cycle 
variety (TZEE-W) was used for the experiment. TZEE-W has 
a growth cycle of 90–95 days and an average dry grain yield of 
2 000 kg/ha (Didjeira et al., 2007). The experiment consisted 
of 3 irrigation treatments, replicated 3 times, arranged in a 
randomised complete block design (RCBD). There was a total of 
9 plots of 20 m2 each, manually ploughed. A buffer of 2 m width 
was created around the perimeter of each parcel to avoid border 
and interaction effects. 
Irrigation treatments
The treatment designs are of a single factor, where the treatment 
variation was based only on the volume of irrigation water applied 
and the irrigation scheduling. The water was applied using a 
micro-sprinkler system. The three irrigation levels included a full 
irrigation (FI) treatment and two deficit treatments as follows:  
•	 The FI treatment
FI iV q=∑  (1)
where V represents the total volume of water utilised; q is the 
amount of water applied for an event i.
•	 The first deficit treatment is Optimized Controlled Deficit 
Irrigation (OCDI). It consisted of 80% of the total volume of FI. 
OCDI FI80%V V=  (2)
•	 The second deficit treatment is Controlled Deficit Irrigation 
(CDI). It consisted of modifying the schedule of the FI by 
applying 60% of the volume water of each irrigation event. 
60%CDI iV q= ∑  (3)
Figure 2 shows the framework used to generate the OCDI 
schedule for our experiment. This framework consists of: (i) a 
weather generator, the Long Ashton Research Station Weather 
Figure 1. Map of northern Togo indicating the study area (Dapaong district)
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Generator (LARS-WG) (Semenov et al., 1998) for simulating 
long climate time series; (ii) the AquaCrop model (Hsiao et 
al., 2009) which was used to simulate the irrigation system 
during the cropping season (Fig. 2, Loop 1); and (iii) a problem-
specific programme for optimal irrigation scheduling under 
limited water supply (Fig. 2, Loop 2). The latter is named Global 
Evolutionary Technique for OPTimal Irrigation Scheduling 
(GET-OPTIS) (For more details, see Schütze et al., 2012). A 
maximum volume of water is given to GET-OPTIS, which 
produces an optimised irrigation schedule based on the climate, 
soil, and crop information provided. Then, this schedule is 
used by AquaCrop version 5.0 for yield prediction. A 100-year 
simulation was run using the same climate data and calibrated 
maize crop information from Gadédjisso-Tossou et al. (2018). 
The details of the observed meteorological data from the 
nearest station used in this study and the calibration details are 
reported in Gadédjisso-Tossou et al. (2018). The input data of 
crop parameters used in the AquaCrop model are presented in 
Table 1. 
Since the simulations were done stochastically, an exceedance 
probability of 0.9 was used to reach a given maximum level of 
yield. Based on these simulations, the best optimised general 
irrigation schedule was obtained and implemented during our 
field experiment as OCDI. The schedule of FI treatment was 
also obtained from the crop simulation but without applying 
GET-OPTIS. 
The FAO Penman-Monteith method was employed to calculate 
the reference evapotranspiration (ET0) (mm/day) throughout 
the growing season. The crop coefficient of maize (Kc) for specific 
growth stages was retrieved from FAO-56 standard values 
(Allen et al., 1998). These values were adjusted to the climate of 
Table 1. Input data of crop parameters used in the AquaCrop model
Parameter description Value Units or 
meaning
Base temperature 10 °C
Cut-off temperature 30 °C
Canopy cover per seedling at 90% 
emergence (CC0)
6.5 cm2
Time from sowing to emergence 7 (135) DAP(GDD)
Time to maximum canopy cover 60 (1 109) DAP(GDD)
Time from sowing to maximum 
rooting depth 
67 (1 257) DAP(GDD)
Time from sowing to start of canopy 
senescence
76 (1 408) DAP(GDD)
Time from sowing to maturity 100 (1 898) DAP(GDD)
Time from sowing to flowering 54 (1 018) DAP(GDD)
Duration of flowering 10 (183) DAP(GDD)
Length of building up HI 42 (778) DAP(GDD)
Maximum effective rooting depth, Z 1 m
Minimum effective rooting depth, Zn 0.3 m
Reference harvest index, HI 50 %
Cultivar (TZEE-W) – TZEE-W
Planting method – Direct sowing
Planting density 62 500 Plants/ha
Soil fertility 65 Moderate (%)
Surface mulches 0 %
Curve number, CN 66 –
Readily evaporable water, REW 2 mm
DAP = days after planting; GDD = growing degree days; HI = harvest index
Figure 2. General framework for generating the Optimized Controlled Deficit Irrigation schedule (adapted from  Schütze and Schmitz (2010) 
and Gadédjisso-Tossou et al. (2018)
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the experimental site (semi-arid) and are similar to the values 
reported by Abdulmumin and Misari (1990) for maize in semi-
arid tropics of Nigeria, West Africa.  
•	 Initial stage (25 days): Kc ini = 0.5
•	 Crop development stage (30 days): Kc dev = 0.85
•	 Mid-season stage (40 days): Kc mid = 1.2
•	 Late season stage (15 days): Kc end = 0.9
Then, the Kc was used to compute the crop evapotranspiration 
(ETc) (mm/day) throughout the cropping period of the 
experiment. The ETc was calculated as follows (Allen et al., 1998)
 0ET ETc cK= ×  (4)
The FI, 80% FI, and 60% FI treatments represent 1.4 ETc, 1.1 ETc, 
and 0.8 ETc, respectively. 
Crop management practices
During the experiment, crops were exposed to the same field 
management practices, which follow the recommendation of 
ITRA. The maize seeds were sown with an inter-row distance of 
0.8 m. The spacing within the rows was 0.35 m. Three seeds were 
put in each hole, then separated and adjusted to 2 plants per hole 
after emergence. This resulted in a plant density of 70 000 plants/ha. 
All plots were fertilised equally. A composite fertiliser N15P15K15 
was applied at the rate of 200 kg/ha on the 15th day after sowing. 
Moreover, the urea (46% N) was utilised at the rate of 100 kg/ha 
on the 35th day after sowing (Mathe et al., 2008). The fertilisers 
were manually point-placed at approximately 0.05 m depth and 
0.07–0.1 m distance from the plants. The plots were weeded at the 
time of fertiliser application to avoid the competition between 
the maize plants and weeds for light, nutrients, or water. Insects 
and diseases were rigorously controlled for the experiment to 
avoid crop failure and reduction in yield. Therefore, insecticide 
(EMACOT 050 WG: emamectin benzoate 50 g/kg) and fungicide 
(Calthio C 50 WS: thiram 25%, chlorpyrifos-ethyl 25%) were 
applied uniformly to all plots when needed.
Soil characteristics and infiltration measurements
Table 2 shows the essential soil physical characteristics of the 
experimental site, the initial soil water content and the hydraulic 
properties for the experiment. The soil samples were taken at two 
points horizontally on a diagonal of the plots. Four soil depths 
were considered. Thus, 8 soil samples were taken from each plot. 
The soil organic matter was measured in the laboratory using the 
modified Walkley-Black method (Walkley and Black, 1934). The 
soil texture was determined by mechanical analysis using the 
pipette method (DIN ISO 11277) (International Organization for 
Standard, 2009). We followed the United States Department of 
Agriculture soil textural classification system (USDA, 1987). The 
soil moisture was determined on all plots at the beginning and 
the end of the experiment using the gravimetric method. The soil 
at the experimental field is classified as sandy loam, according 
to the World Reference Base for Soil Resources, dystric-ferric 
luvisols (IUSS Working Group WRB, 2015) (Table 2). The soil is 
relatively poor in organic matter at the top 0.1 m.
The infiltration rate was measured at 0.05 m and 0.15 m of soil 
depth using a double ring infiltrometer according to ASTM 
D3385–03 standard test method and DIN 19682-7 (1997). The 
aim of using the double ring infiltrometer is to limit the lateral 
spread of water after penetration. It consisted of a pair of steel 
infiltration rings with 0.28/0.53 m diameters. The height of the 
rings was 0.25 m, and they have one cutting edge. The rings were 
inserted into the soil partially (0.05 m) and filled with water. 
After that, we recorded the water depth and corresponding time 
of its infiltration in the soil.
Plant height, above-ground biomass, leaf area index, and 
green canopy cover measurements
These parameters were monitored throughout the growing 
season. During the experiment, the heights of plants were 
measured at regular 10-day intervals from 15 days after sowing 
to maturity. The plant height was measured using a measuring 
tape from the soil surface to the highest point of the arch of the 
uppermost leaf whose tip is pointing down. For this purpose, 
three randomly selected plants in the middle rows of each plot 
were tagged. Three plants per plot were randomly selected, 
clipped at the soil surface, then sun-dried until a constant 
weight was observed, to measure the  biomass. This occurred 
at 20-day intervals from 15 days after sowing to maturity. The 
biomass included grain and stover. For LAI, the area of each 
of the fresh leaves of the tagged plants was determined using a 
non-destructive method. First, the leaf area was calculated by 
multiplying the manually measured length and maximal width 
of each leaf with a shape factor k, empirically determined to be 
0.75 for maize, by the plant density (Lizaso et al., 2003) (Eq. 5).
LA 0.75L W= × ×  (5)
Where LA represents leaf area, L is leaf length, W stands for the 
maximum leaf width, and 0.75 is the coefficient used for maize 
(Yi et al., 2010). Then, the LAI was determined using Eq. 6. 
( ) ( )
( )
2 1 1
2 1
leaf area m plant 70000 plant ha
LAI
10000 m ha
− −
−
×
=
 
(6)
The CC was obtained from the LAI by using the following 
formula (Hsiao et al., 2009).
( )
1.2
CC 1.005 1 exp 0.6 LAI = × − − ×   (7)
Table 2. Soil physical properties of the experimental site and initial soil water content at different soil depths
Soil 
depth 
(m)
Bulk 
density
(kg/m3)
Organic 
matter 
(%)
Sand 
(%)
Silt 
(%)
Clay 
(%)
Initial 
soil water 
content  
(% volume)
Field 
capacity 
(% volume)
Permanent 
wilting 
point
(% volume)
Saturated 
hydraulic 
conductivity
(mm/day)
Textural 
class
0–0.1 1 580 
   (90)*
1.85
(0.5)*
67.83
(7.6)*
25.78
(5.6)*
6.39
(4.1)*
28.72
(5.5)*
26.02
(2.8)*
4.10
(1.3)*
714.24
(1.2)**
Sandy 
Loam
0.1–0.2 1 620
 (80)
2.1
(0.7)
68.28
(7.3)
25.67
(7.6)
6.05 
(3.6)
28.19
(5.9)
25.59
(1.7)
7.18
(1.7)
574.81
(1.3)
Sandy 
Loam
0.2–0.35 1 630
 (90)
2.53
(0.9)
68.06
(6.1)
26.83
(6.2)
5.11 
(3.4)
21.79
(4.3)
25.48
(2.4)
7.94
(1.5)
693.58
(1.5)
Sandy 
Loam
0.35–0.5 1 670
 (60)
2.06
(1.1)
68.11
(6.6)
24.28
(6.4)
7.61 
(3.8)
23.37
(2.6)
25.10
(2.1)
9.91
(2.1)
592.70
(1.5)
Sandy 
Loam
*Standard deviations are reported in the parentheses (n = 18 samples for each depth or layer) 
**Values in the parentheses are geometric standard deviations
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The growth of the maize crop is strongly related to the 
accumulation of the daily temperature, known as growing 
degree day (GDD). Its cumulative form is commonly expressed 
as (Djaman et al., 2013): 
( )max min
base1
GDD
2
n
i
T T
T
=
 +
= − 
  
∑
 
(8)
where Tmax is maximum air temperature, Tmin is minimum air 
temperature, Tbase is the base temperature threshold (below 
which crop development does not progress), and n is the number 
of days. In this study, the base temperature and the maximum 
temperature thresholds used are 10°C and 30°C, respectively. This 
means, for instance, that when the temperature values exceed the 
upper limit, they were reset equal to 30°C (Djaman et al., 2013).  
Maize yield and water use efficiency (WUE)
At the end of the growing period, maize grain yield was 
harvested at physiological maturity from all plots. The harvest 
area of 12 m2 (4 m × 3 m), including the four middle rows, was 
considered for the yield quantification. The harvest was executed 
by hand when all leaves were dry. Then, the maize grains were 
separated from the cobs and sun-dried until a constant weight 
was observed (at 12–14% moisture content). Water use efficiency 
(WUE), yield per unit water consumed, was also evaluated for 
all the irrigation treatments. 
The Harvest Index (HI) was calculated by dividing the grain 
yield by the biomass after adjusting for moisture content. The 
Deficit Irrigation Stress Index (DISI) of the crop yield was 
calculated as follows (Pandey et al., 1984):
( )Yield of unstressed treatment Yield of stressed treatmentDISI 100
Yield of unstressed treatment
−
= ×
 
 (9)  
The DISI of the other crop growth parameters was computed 
similarly.
Statistical analyses
The comparison of the  biomass, LAI, CC, plant height and grain 
yield among treatments was performed by an analysis of variance 
(Anova). The Shapiro–Wilk (Shapiro and Wilk, 1965) test was 
applied to determine if the measured quantities were normally 
distributed. The PROC Anova in Statistical Analytical System 
(SAS) (SAS Institute Inc, 2015) was used to run the analysis of 
variance. The treatment means were separated using Tukey’s 
Honestly Significant Difference (HSD) at 5% significance level.
Effects of irrigation regimes and plant densities on the 
dry grain yield and dry above-ground biomass
The crop data collected during the experiment were used to 
calibrate AquaCrop in order to simulate the effects of different 
irrigation regimes and plant densities on the grain yield and 
biomass. There are two plant densities recommended by 
extension agents in the study area: (i) 0.8 m distance between 
rows and 0.35 m between two plants in a row, which gives 
70 000 plants/ha (Pd1); and (ii) 0.8 m distance between rows and 
0.4 m between two plants in a row, which gives 62 500 plants/ha 
(Pd2). These two plant densities were considered in the analysis. 
Following the field experiment, 3 irrigation regimes (Ir1, Ir2 and 
Ir3) were distinguished by withholding water at specific growth 
stages (Table 3).  The combination of the irrigation regimes 
and plant densities gave 6 scenarios Pd1-Ir1, Pd1-Ir2, Pd1-Ir3, 
Pd2-Ir1, Pd2-Ir2, and Pd2-Ir3, which were evaluated using 
AquaCrop version 5.0. Also, these scenarios were assessed using 
the irrigation optimiser GET-OPTIS to improve the outputs. 
RESULTS
Weather conditions 
Figure 3 shows the daily rainfall, air temperature, and reference 
evapotranspiration, relative humidity, wind speed, and sunshine 
throughout the experiment. The average daily maximum and 
minimum air temperatures were 36°C and 23°C, respectively 
(Fig. 3a). The daily maximum as well as minimum temperatures 
were relatively low from mid-December 2017 to the end of 
January 2018. Both maximum and minimum temperatures 
reached their highest level in March 2018, at 40.5°C and 29.5°C, 
respectively (Fig. 3a). During the growing season, rainfall 
occurred only on 23 February (15.5 mm) and 21 March (9.5 mm) 
2018. The daily reference evaporation, from mid-December 2017 
to mid-February 2018, fluctuated between 6 and 10.5 mm/day, 
while from mid-February to end of March 2018 it ranged from 
2.5 to 8 mm/day (Fig. 3a).
The daily maximum and minimum relative humidities, from 
mid-December 2017 to mid-January 2018, fluctuated around 40% 
and 20%, respectively. From mid-February to the end of March 
2018, they reached 80% and 40%, respectively (Fig. 3b). The lowest 
level of daily wind speed was observed from mid-February to the 
end of March 2018 (Fig. 3c). Throughout the growing season, the 
sunshine duration fluctuated around 8 h/day. The lowest values of 
sunshine duration were recorded towards the end of the growing 
season (i.e., 1–4.8 h/day) (Fig. 3d).
Soil infiltration during the experiment
The infiltration results are shown in Fig. 4. Infiltration rates 
at 0.15 m soil depth were greater than the infiltration rates at 
0.05 m depth soil depth at the beginning of the measurements. 
For instance, during the first 5 min, the infiltration rate at 
0.15 m soil depth was 0.6 m/h whereas the rate at 0.05 m soil 
depth was 0.3 m/h (Fig. 4). However, the infiltration rates tend 
to be constant and similar for both soil depths after 200 min of 
continuous measurement. 
Table 3. Seasonal irrigation applied to maize at different crop growth 
stages based on the crop evapotranspiration in northern Togo
Week Crop stage
Irrigation regime
Ir1 Ir2 Ir3
1 VE* 28 28 28
2 V1 30 30 30
3 V3 31 – –
4 V5 44 44 44
5 V7 42 – –
6 V9 55 55 55
7 V11 50 – –
8 V13 77 77 77
9 V15 70 70 70
10 VT 61 – –
11 R1 44 44 44
12 R2 55 55 –
13 R3 61 61 61
14 R4 33 33 –
15 R5 41 41 41
16 R6 34 34 –
Seasonal irrigation (mm) 756 572 450
FI 80% FI 60% FI
*VE = emergence; V1 – V15 = appearance of Leaf 1 to appearance of Leaf 15; 
VT = tasseling; R1 = silking; R2 = blister; R3 = milk; R4 = dough; R5 = dent; 
R6 = physiological maturity (Pandey et al., 2000b) (i; FI = full irrigation. 
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Effect of irrigation levels on plant height, above-ground 
biomass, leaf area index, green canopy cover, grain yield, 
and water use efficiency 
Figure 5 shows the daily maize crop evapotranspiration and the 
cumulative GDD during the experimental period. The daily maize 
crop evapotranspiration ranged from 2.9 to 12.7 mm/day, with 
the highest value being recorded in February 2018 (50–70 days 
after planting (DAP)) (Fig. 5a). This period is part of the mid-
season growth stage of the maize crop during the experiment. 
Also known as thermal units (TU), the cumulative GDD from 
emergence to harvest was 1 845°C (Fig. 5b). 
The crop evapotranspiration and the volume of irrigation water 
applied throughout the experiment for the three treatments are 
presented in Table 4. The maize crop FI water applied in the 
dry season in northern Togo was 1 038.5 mm (Table 4). From 
sowing (16 December 2017), it took 111 days to reach maturity 
(5 April 2018), which was when the plants dried up in the field. 
With deficit irrigation, 40% less water is applied (i.e., 632.6 mm 
vs. 1 038.5 mm). For all three treatments, the total volume of 
water applied during the mid-season stage was greater than the 
amount of water used in the other growth stages. The total crop 
evapotranspiration computed from sowing to harvest, using the 
meteorological station weather data as well as the adjected crop 
coefficients, was 755.2 mm. This value is higher than the crop 
evapotranspiration obtained from AquaCrop (< 730 mm) when 
simulating the experiment with the data collected from the field 
(Table 4). 
The biomass, LAI, CC, and plant height during the experiment 
are depicted in Fig. 6. The  biomass increased rapidly during 
the development and mid-season stages, peaked and then 
declined, indicating the beginning of leaf senescence, under all 
three treatments. The 80% FI induced a later peak compared to 
Figure 3. Daily (a) rainfall, air temperature, and reference evapotranspiration; (b) relative humidity; (c) wind speed; and (d) sunshine duration, of 
Dapaong climate station located 5 km from the experimental site
Figure 4. Infiltration rate of the soil of the experiment site
Table 4. Crop evapotranspiration and depth of water applied in the 
growth stages
Growth 
stages
Period 
(days)
Volume of water applied 
(mm)
ETc (mm)
(weather 
data)FI 80% FI 60% FI
Initial 20 193.8 155.3 137.8 82.4
Development 30 280.2 224.3 157.3 203.7
Mid-season 46 507.0 405.5 303.5 385.8
Late-season 15 57.5 46.0 34.0 83.3
Total 111 1 038.5 831.1 632.6 755.2
ETc (mm) obtained  
from AquaCrop
730 721 710 –
FI = full irrigation; ETc = crop evapotranspiration
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the other treatments (Fig. 6a) and a subsequent decline in the 
biomass at the end of the mid-season stage. Also, the values of the 
biomass at emergence were statistically similar (p > 0.05) under 
the FI, 80% FI and 60% FI. However, in the late season stage, the 
differences in the  biomass were significant (p < 0.05) between 
FI and 60% FI (Fig. 6a). The plants under 60% FI had the lowest 
LAI and CC, while the greatest values of these parameters were 
recorded for the fully irrigated plants. From emergence, under 
FI, 80% FI and 60% FI, the CC and the LAI increased rapidly 
during the developmental and mid-season stages, peaked at 
mid-season stage (≈ 75 DAP, cumulative TU = 1 185°C) and then 
declined indicating leaf senescence (Fig. 6b,c). Similarly, under 
FI, 80% FI and 60% FI, plant height increased quickly during the 
development and mid-season stages, peaking at the end of the 
mid-season stage (≈ 85 DAP, cumulative TU = 1 368°C). From 
then on, plant height seemed to be constant until the harvest 
under the three treatments (Fig. 6d). Maximum plant height 
varied from 1.33 m (60% FI) to 2.12 m (FI). 
Figure 7 shows the average measured maize grain yield and WUE 
of the three treatments at the end of the experiment. FI had the 
greatest grain yield (2 200.4 kg/ha), while the lowest grain yield 
was recorded under 60% FI (1 068.3 kg/ha) (Fig. 7). Also, the 
grain yield differences between FI and 60% FI were significant 
(p < 0.05). Nevertheless, the grain yield differences between 
FI and 80% FI were not significant (p > 0.05). The 80% FI had 
Figure 5. (a) Crop evapotranspiration; and (b) Cumulative growing degree days during the experiment period
Figure 6. (a) Measured above-ground biomass; (b) canopy cover; (c) leaf area index; and (d) plant height for the three treatments during the 
experiment period. Vertical bars indicate standard deviations (n = 9)
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WUE (0.22 kg/m3) similar to that of FI (0.21 kg/m3). The highest 
variability in the grain yield was observed under 60% FI (Fig. 7).
Evaluation of harvest index and deficit irrigation stress 
index of maize grain yield and crop growth parameters 
The maize yield HI and DISI are presented in Table 5. The maize 
crop harvest index ranged between 24.61 (60% FI) and 26.08 (FI) 
with an average of 25.37 (Table 5). The DISI for the grain yield 
under 60% FI  was approximately 3 times greater than that of 80% 
FI (Table 5). Thus, the maize grain yield under 60% FI experienced 
more water-related stress than that under the other treatments. 
The results in Table 6 illustrate the mean biomass, CC, LAI, and 
plant height and the corresponding DISI of FI, 80% FI, and 60% 
FI for all the maize crop growth stages. The biomass, CC, LAI, 
and plant height differences among FI, 80% FI and 60% FI were 
not significant (p > 0.05) for all the crop growth stages except the 
biomass during the late-season stage (Table 6). Considering the 
fully irrigated maize as a reference treatment, the maize crops 
under 80% FI and 60% FI did not experience any stress due to 
lack of water supply during the initial and development stages. 
However, the plants under 80% FI and 60% FI were subject to 
stresses related to a shortage of water during the mid-season and 
late-season stages (Table 6). Mainly, these stresses were more 
pronounced for 60% FI than 80% FI. For instance, the DISI for 
LAI and plant height under 80% FI ( 60% FI) were 29.38 (38.07) 
and 18.66 (33.5), respectively, during the mid-season stage. 
Similarly, the DISI for biomass under 60% FI was approximately 
40 times greater than that under 80% FI during the late-season 
stage (Table 6).
Effects of irrigation regimes and plant densities on the 
dry grain yield and dry above-ground biomass
The dry grain yield, as well as the final dry biomass, were linearly 
affected by deficit irrigation at all plant densities (Table 7). Deficit 
irrigation was created by withholding water at different maize 
growth stages. When 4 irrigations were withheld (Ir2) at V3, V7, 
V11 and VT (vegetative phases), 29.3% and 29.7% reductions in 
the grain yield and final biomass occurred at all plant densities, 
respectively. When deficit irrigation was imposed during the 
reproductive phases in addition to the vegetative growth stages 
(Ir3), grain yield and final biomass reductions of up to 54% and 
48%, respectively, were observed at all plant densities. Yield, 
as well as biomass, decreased slightly when the plant density 
Figure 7. Measured maize grain yield and the corresponding water 
use efficiency for the three treatments. Different letters represent 
significant differences (p < 0.05). Vertical bars indicate standard 
deviations (n = 3)
Table 5. Harvest index and deficit irrigation stress index of the 
measured yield for the three irrigation treatments
Treatment hI (%) DISI (%)
FI 26.08 0.00
80% FI 25.41 16.79
60% FI 24.61 51.45
Mean 25.37 –
FI = full irrigation; HI = harvest index; DISI = deficit irrigation stress index
Table 6. Mean above-ground biomass, canopy cover, leaf area index, and plant height and the corresponding deficit irrigation stress index of 
FI, 80% FI and 60% FI for all the maize crop growth stages 
Treatment
Initial stage Development stage Mid-season stage Late season stage
Mean value of 
the parameter
DISI
(%)
Value of the 
parameter
DISI
(%)
Value of the 
parameter
DISI 
(%)
Value of the 
parameter
DISI
(%)
Above-ground biomass (kg/ha)
FI 10 0.00 370 0.00 8 260 0.00 7 190b 0.00
80% FI 10 0.00 610 −62.50 4 320 47.74 7 170b 0.27
60% FI 10 0.00 420 −12.50 4 730 42.80 3 960a 44.98
Mean 10 – 470 – 5 770 – 6 110 –
Canopy cover (%)
FI 0.66 0.00 14.16 0.00 89.39 0.00 78.32 0.00
80% FI 0.75 −14.67 25.03 −76.82 77.26 13.57 79.17 −1.09
60% FI 0.79 −20.95 16.86 −19.08 74.31 16.87 64.61 17.50
Mean 0.73 – 18.68 – 80.32 – 74.03 –
Leaf area index (m2/m2)
FI 0.03 0.00 0.36 0.00 4.15 0.00 2.94 0.00
80% FI 0.03 0.00 0.63 −73.91 2.93 29.38 2.86 2.89
60% FI 0.03 0.00 0.43 −17.63 2.57 38.07 1.98 32.64
Mean 0.03 – 0.47 – 3.21 – 2.59 –
Plant height (m)
FI 0.11 0.00 0.40 0.00 1.64 0.00 2.12 0.00
80% FI 0.13 −10.29 0.46 −15.01 1.33 18.66 1.73 18.17
60% FI 0.12 −4.41 0.39 2.48 1.09 33.50 1.33 37.21
Mean 0.12 – 0.42 – 1.35 – 1.73 –
Means within the same column not followed by letters or followed by the same letter are not significantly different at 5% level; FI = Full Irrigation; 
DISI = Deficit Irrigation Stress Index
149Water SA 46(1) 141–152 / Jan 2020
https://doi.org/10.17159/wsa/2020.v46.i1.7894
reduced (Pd2), for all irrigation regimes assessed. Generally, 
WUE had not increased when irrigation was withheld during 
vegetative and reproductive stages (Ir2 and Ir3) compared to 
FI (Ir1). However, a moderate level of deficit irrigation during 
vegetative growth stages (Ir2) could result in similar WUE 
values to that of the fully irrigated treatment. Also, the results 
showed that the optimisation of all the irrigation regimes by 
applying GET-OPTIS has contributed to improving the dry 
grain yield and at the same time using less water as compared 
to the scenarios without optimisation. This is supported by the 
increase in the WUE for all the optimised scenarios. 
DISCUSSION
A maize crop responds differently to various volumes of irrigation 
water applied from emergence to harvest. In this study, the 
biomass – including grain and stover at physiological maturity 
– and grain yield were significantly affected by the irrigation 
regimes. Regarding crop response to water performance, the 80% 
FI treatment was very similar to the fully irrigated treatment. 
Lower temperatures in December and January caused differences 
in the reference and crop evapotranspirations between early and 
late growth stages. Although the temperatures were relatively 
low during the initial stage, they contributed to achieving seed 
germination and emergence rates of more than 90%. The fact that 
the biomass, LAI, and CC increased dramatically during the mid-
season stage can be explained by the combined effect of higher 
temperatures and sufficient water supplied in this stage. Also, 
the wind speed was relatively high during the mid-season stage, 
inducing high crop evapotranspiration. A substantial amount of 
biomass was produced. Temperatures have no significant effect on 
maize crop growth during the late-season stage because senescence 
was reached and subsequently photosynthesis was reduced. 
There were no significant differences (p > 0.05) in plant height, 
LAI, and CC between any of the treatments in all the growth 
stages because soil moisture might have been adequate for 
the plant growth. This similarity was evident by observing 
the various maize plots during the experiment, especially in 
the early growth stages. These results are in agreement with 
those of Djaman et al. (2013). The biomass in the late growth 
stages was markedly affected by irrigation regimes under our 
experimental conditions. Khaksar et al. (2013) reported that 
under severe water stress – which seems to be 60% FI for our 
experiment – stomata are closed, inducing a decrease in carbon 
dioxide uptake, and subsequently this leads to a reduction in 
photosynthesis. During the experiment, the plants under 60% 
FI reacted to the severe water stress by wrapping their leaves in 
the daytime at the beginning of the stress (Fig. 8). This result 
is in line with the findings of Worou and Saragoni (1988) who 
assessed maize yield response to water stress in the long dry 
season in southern Togo. It should be stressed that these authors 
did not use the same maize variety as in our experiment. 
Crop yields are strictly linked to moisture availability, especially 
at crucial crop growth stages (Mutiro et al., 2006). These crucial 
growth stages for maize crop correspond to tasselling and silking 
(VT and R1) (Farré and Faci, 2009), which fell under the mid-
season stage during our experiment for all treatments. Under 
deficit irrigation treatments, the plants reached tasselling–
silking stages while experiencing water stress, resulting in 
differences in the grain yield compared to the fully irrigated 
plants. These differences in the grain yield were significant 
between 60% FI and fully irrigated plants because the water 
stress under the former was more pronounced. Our results 
are in agreement with those reported by Djaman et al. (2013) 
and Earl and Davis (2003). On average, the maize grain yields 
obtained under all the treatments are relatively low compared to 
the attainable potential yield reported in the literature:  3 500–5 
000 kg/ha (Didjeira et al., 2007).
Nevertheless, the yields obtained at the end of our experiment 
for all treatments, 2 200.4 kg/ha (FI), 1 830.9 kg/ha (80% FI) 
and 1 068.3 kg/ha (60% FI), are greater than that of Worou 
and Saragoni (1988) which were 1 800 kg/ha, 900 kg/ha, and 
300 kg/ha for no water stress, moderate water stress and severe 
water stress treatments, respectively. The Togolese Direction 
Table 7. Dry grain yield, dry final above-ground biomass and water use efficiency as affected by irrigation and plant density 
at different growth stages in northern Togo
Irrigation regime
and plant density 
scenarios
Crop characteristics (without irrigation optimisation)
Crop characteristics 
(with irrigation optimisation)
Dry grain 
yield 
(kg/ha)
Dry final 
above-ground
 biomass (kg/ha)
Water Use 
Efficiency
(kg/m3)
Dry grain 
yield 
(kg/ha)
Water Use 
Efficiency
(kg/m3)
Pd1-Ir1* 2 593 9 974 0.34 2 612 0.42
Pd1-Ir2 1 834 7 006 0.31 2 440 0.46
Pd1-Ir3 1 195 5 242 0.27 2 215 0.52
Pd2-Ir1 2 577 9 911 0.34 2 601 0.47
Pd2-Ir2 1 822 6 966 0.31 2 431 0.47
Pd2-Ir3 1 183 5 183 0.26 2 098 0.49
*Pd = Plant density; Ir = Irrigation regime
Figure 8. Appearance of maize plants under different irrigation treatments at 76 DAP (1 March 2018)
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of Agricultural Statistics, Informatics, and Documentation, 
DSID (2017) reported 1 200 kg/ha as the long-term (2000–2016) 
average maize grain yield obtained by farmers under rainfed 
conditions in northern Togo. Similarly, the Global Yield 
Gap Atlas, GYGA (2015) reported 1 700 kg/ha, 1 800 kg/ha, 
1 600 kg/ha, and 1 000 kg/ha as long-term average maize grain 
yields achieved by farmers under rainfed conditions in Ghana, 
Mali, Nigeria, and Niger, respectively. The reasons for obtaining 
a low level of maize yield during our experiment are threefold. 
Firstly, TZEE-W, the maize variety used for our experiment, is 
a local one. It is a short-cycle variety with a low level of yield 
potentials. Secondly, the plants during our experiment might 
have been subject to high temperature stress because TZEE-W 
is a rainy season variety – dry season temperatures are higher 
than that of the rainy season. By field observation during 
the experiment, it can be concluded that temperature stress 
was more pronounced in late vegetative growth stages (V15 
and VT) and early reproductive stages (R1–R3). This finding 
was supported by the outputs of the simulation of the field 
experiment using AquaCrop. Lastly, fall armyworm (Spodoptera 
frugiperda), an insect pest, posed a serious threat to the plants’ 
development during our experiment. This damage might have 
affected the maize grain yield measured at the end of our 
experiment. Fall armyworm prefers maize to other crops such 
as sorghum, rice, millet, and soybean. Since fall armyworm is a 
recently introduced pest in sub-Saharan Africa (January 2016) 
(Nagoshi et al., 2017), proper control methods are limited. This 
insect pest has the potential to cause tremendous maize yield 
losses if proper care is not taken (FAO, 2018). 
Regarding WUE, 80% FI was similar to the FI because it 
appears that the plants under the 80% FI received an optimal 
volume of irrigation water in the crucial growth stages. Thus, 
deficit irrigation may be used to boost WUE. Such results are 
expected because plants under FI are provided with more than 
the required volume of water for their growth. These results are 
corroborated by those of Pandey et al. (2000a) who assessed the 
effects of deficit irrigation on maize in a Sahelian environment. 
The rate of infiltration, which is subject to the rate of water 
supply, controls how much water reaches the root zone and 
how much exits the field as runoff (Hillel, 1982). Since the soils 
have been ploughed to up to 0.15–0.25 m depth each annual 
season for a long time in northern Togo, they are compacted 
below 0.35 m depth. Therefore, maize plants tend to develop 
a more horizontal rooting system than a vertical one. During 
our experiment, on all the plots, the maximum rooting depths 
reached by the plants were less than 0.50 m. Also, the topsoils 
are poor in terms of organic matter content. In northern Togo, 
it appears that conservation agriculture is required to improve 
plant root penetration and infiltration capacity. In the area, some 
farmers have started using cover plants (Bracharia brizantha 
and Crotalaria spectabilis) in association with cereal crops or 
between two growing seasons to loosen the soil. It is also worth 
highlighting the importance of irrigation (full and deficit) for 
improving maize yield in West Africa using a crop modelling 
approach (Abdalhi and Jia, 2018).  
CONCLUSIONS
A field experiment was carried out to assess the effect of full 
and limited irrigation management practices on maize biomass, 
LAI, CC, plant height and grain yield during the dry season 
(November 2017 to April 2018) in northern Togo, West Africa. 
The results of our study indicate clearly that the biomass – 
including grain and stover at physiological maturity – and 
grain yield were significantly (p < 0.05) affected by the irrigation 
regimes. Concerning crop response to water performance, the 
80% FI was very comparable to the fully irrigated treatment. 
WUE for 80% FI was similar to that of FI for the field experiment 
as well as its simulation using AquaCrop model.   Deficit 
irrigation during early vegetative growth stage modestly reduced 
the biomass, LAI, CC,  plant height, and grain yield. In contrast, 
deficit irrigation during the mid-season stage (tasselling and 
silking) lessens the biomass severely at physiological maturity 
and final grain yield. Reductions in the plant density may result 
in a decline in the biomass and grain yield, while no change was 
observed in WUE. Optimisation of the irrigation regimes could 
contribute to improving the grain yield and the WUE and, at the 
same time, save water. 
This study demonstrated that lowering irrigation during the 
early vegetative growth stage had less impact on biomass 
production than when deficit irrigation occurred during the 
mid-season (reproductive) stage. These reductions are a direct 
effect of diminished LAI. The adaptive strategy of maize under a 
moderate level of deficit irrigation appears to reduce the biomass 
and the grain yield while WUE could remain similar to that of FI 
in these experimental, soil and crop management, and climatic 
conditions. Dry season maize cultivation is a delicate practice. 
Its realisation is subject to water availability in the soil, especially 
during crucial crop growth stages. Furthermore, the framework 
used to simulate the irrigation schedules can be extended by 
adding a soil variability dimension to it. The assessment can also 
be made more comprehensive by taking into account farmers’ 
socioeconomic characteristics.
When interpreting the results of this study, one should bear 
in mind that the results presented are based on data collected 
during one growing season. The approach employed in this 
study consisted of simulating the irrigation schedules with a 
calibrated crop model and then implementing them in the field. 
However, this study gives substantial insights into maize crop 
response to irrigation regimes because, to date, no work has 
been published on similar topics in northern Togo. Thus, there 
is room for conducting further studies on the same topic in the 
area by repeating the experiment to capture more variabilities 
in the measured crop growth parameters and also by testing 
further dry-season adapted crops and crop varieties.
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